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Introduction
Titanium aluminides, especially y-TiAl, are attractive materials not only for aviation and space research but also for applications in automotive engines. Favourable mechanical properties at high temperatures and the low density of these alloys are interesting for such applications, but on the other hand, the high brittleness of these intermetailics and the high costs for overcoming this problem have been the most important difficulties on the way to industrial-scale production of formed parts up to now.
One way to form titanium aluminides is based on the powder-metallurgical route [I-21. A mixture of titaninm and aluminium elementary powders is compacted and then formed to rods by extrusion. During the ensuing sintering treatment the components react with each other, forming intermetallic phases. Reaction sintering of titanium aluminides involves partly considerable swelling effects during phase formation (3-51. These effects largely depend on the test conditions (such as heating-up rate). The increase in volume can amount to as much as 50 %. This increased porosity must be eliminated by an ensuing HIP treatment, which requires additional encapsulation owing to the open pores. The increase in volume has its roots mainly in the development of the structure. The extent to which gas reactions are also involved is discussed controversially in the literature [6].
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The present work, as a contribution to answering this question, traces the release of gas during reaction sintering by means of mass-spectrometric analysis.
Phase formation in the Ti-A1 system is traced regarding the thermal effects by means of DSC measurements (DSC 404, Netzsch, argon 5.0). Specimen expansion during reaction sintering of TiAl is characterized by dilatometer measurements (dilatometer 402E, Netzsch, argon 5.0).
The simultaneous measurement of enthalpy change due to phase formation and of gas release as a function of temperature is done in a combination appliance consisting of an apparatus for simultaneous thermal analysis, STA 409, with a skimmer coupling appliance (Netzsch) and a quadrupole mass spectrometer QMG 420 (Balzers). The measurement takes place unter flowing helium, grade 5.0.
The experiments were performed on e x t d e d specimens of titanium and aluminium powders of a medium grain size of 150 pm and with an oxygen content of c. 3000 ppm. For this work, two compositions were selected: Ti25A175 and Ti50A150. We thank Dr Dahms and Dr Wang of GKSS Research Centre Geesthacht GmbH for letting us have the specimens.
Results

Phase formation in the Ti-A1 system
Based on earlier investigations [3-51, the results of the DSC experiments shown in Fig. 1 can be summarized as follows:
-Regardless of the composition of the initial mixture, TiA13 is formed first, while energy is released (exothermic process).
-This formation of TiA13 occurs at T<600°C through solid phase diffision (prevailing in case of low heating-up rates).
-At the melting point of aluminium, the rest of the aluminium melts. Within a few minutes the molten mass reacts with the hitherto unreacted titanium, forming TiA13 (at high heating-up rates, but not exclusively).
-Only with high A1 contents (e.g. Ti25AL75) and high heating-up rates (e.g. 20 Klmin) can a short-time endothermic melting effect be observed.
-At temperatures >700°C Ti50A150 undergoes one more phase transformation, primarily compounded TiA13 and Ti forming TiAl on the basis of solid phase diffusion. This process cannot be resolved in the DSC curves because of the small amounts of energy involved.
-The dependence of phase formation on the heating-up rate results from the interrelation between thermodynamics and kinetics.
3.2. Specimen expansion in the Ti-A1 system Mass-spectroscopic analysis of the gases released during the heating-up of the Ti-A1 specimens results in the detection of hydrogen (mass number m2) and of water (mass number 18). The results are presented in Fig. 3 (Ti25A17~) and Fig. 4 (Ti50A150) for heating-up rates of 5 and 20 Klmin, respectively. Apart from the intensity curves for the respective mass numbers, the DTA curve, which was measured simulta-neously, has been drawn in order to document the correlation between phase formation and gas reaction.
Ti25A175 (Fig. 3) The formation of TiA13 (exothermic process), which takes place at low heating-up rates in the solid-phase sector through diffusion processes, does virtually not occur at higher heating-up rates (i.e. 8 2 20 Wmin) because of the short interaction periods [3] . Hence, at about 650°C for 8=20 Wmin almost all aluminium is molten (endothermal process). Owing to the good wetting and under capillary action the molten mass instantaneously spreads across the surface of the titanium particles, where it forms the intermetallic phase TiA13 within a few minutes (exothermal process). When all of the aluminium has reacted with the titanium available according to the TiA13 composition, this process closes and the DTA curve m s back to the basis line.
Mass spectrometry establishes that hydrogen (mass number 2) is released when the intermetallic phase TiA13 is formed, i.e. when aluminium reacts with titanium at temperatures above 700°C. When all titanium has been consumed the phase formation comes to an end, as does the release of hydrogen.
Water (mass number 18) is generated parallel to the production of hydrogen; the respective intensity curve, too, returns to the initial level between 800 and 850°C.
TisoAlso (Fig. 4 ) Whereas in case of low heating-up rates, diffusion-controlled TiA13 phase formation at the contact surfaces between titanium and aluminium particles takes place well under 600°C (1,2), it begins just short off the melting temperature of aluminium according to the course of the DTA curve with K = 20 Klmin. When aluminium is molten it reacts with the titanium surface it has additionally wetted, forming TiA13. The reaction takes place -as has been discussed for Ti25A175 -within a few minutes, too. Because of their nominal composition these specimens contain less aluminium than Ti25A175, and because of the higher portion of titanium there are more contact surfaces between both components where intermetallic phase is formed. That is why just the exothermal phase formation enthalpy of TiA13 formation is recorded; an endothermal aluminium melting effect is not detectable any longer. Apart from that, unreacted titanium is left which forms TiAl due to diffusion interaction with the TiAl3 layers not before the temperature has risen further. This process is not detectable in the DTA-curves due to the small amounts of energy per temperature and time interval.
The accompanying mass spectrometer curve for hydrogen again indicates the release of hydrogen for the TiAl3 phase formation sector. So titanium obviously reacts with aluminium, releasing attached hydrogen; this process, however, begins under 650°C. As less TiA13 is formed here due to the smaller portion of aluminium, the amount of released hydrogen, too, is smaller than for the Ti25A175 composition shown in Fig. 3 . The titanium left over from Ti50A150 first retains its attached hydrogen and does not release it before the target phase TiAl is formed through diffusion at the phase contact surface between Ti and TiA13 in case of a further increase of temperature. Hence, a measurable hydrogen concentration is detected at higher temperatures, too; the hydrogen curve as a whole becomes wider and does not return to the basis line within the measured temperature interval.
The generation of water (mass number 18) in turn is related to temperatnre in the same way as is the release of hydrogen, i.e. it is observable at c. 50 K below the values for the Ti25A175 composition, which is richer in aluminium. In this case, water is generated not only in the temperatnre range of TiA13 formation but can also be detected at higher temperatures, where the diffusion-controlled phase reaction between Ti and TiA13 results in the formation of TiAl, i.e. the remaining titanium keeps forming intermetallic phase, releasing hydrogen.
When assessing these curves one must take into consideration that the measured intensities of hydrogen and water in the Ti50A150 composition are lower in absolute terms due to the smaller amount of generated TiA13 (as compared with Ti25A175), which gives rise to greater measuring incertainties (among others in the water curve). This also applies to experiments with low heating-up rates, for the amount of gas released per time unit is smaller here than in an experiment with a higher heating-up rate.
Discussion of results
Regardless of the composition of the initial material, reaction sintering of titanium and aluminium particles invariably produces TiA13 first. TiA13 phase formation is accompanied by the release of hydrogen. The more aluminium the mixture contains, the more hydrogen is released. The hydrogen is originally attached to the titanium and becomes volatile during phase formation. The portion is the higher, the more titanium is consumed for the formation of TiAl3. In the case of Ti25A175 all the hydrogen originally fixed is released. With the Ti~oA150 mixture, which contains less aluminium, the primary TiA13 phase formation does only consume the portion Til7A150 (i.e. less hydrogen is formed), the remaining 33 at.% of Ti are only reacted at higher temperatures during phase transformation into TiAl. That is why hydrogen is detected here at higher temperatures as well. The fact that the water and hydrogen curves begin at the same temperature suggests that part of the very active hydrogen reacts with oxygen contained in the material (e.g. reduction of existing oxidic impurities). More experiments will consolidate and bear out this working hypothesis. The water thus produced must leak from the structure at relatively high temperatures within a very short time, causing additional irregularities and loosening of the structure which largely contribute to the swelling and expansion of the specimens. What is remarkable when correlating the thermal effect (phase formation) with the release of hydrogen and gaseous water is the fact that there is a temperature difference between the respective maximum values. For example, the temperatureltime difference between DTA peak and maximum gas release is c. 40 K (i.e. 2 min) at a heating rate of 20 Wmin and c. 20 K (i.e. 4 min) at a heating rate of 5 Wmin. Comparative measurements have shown that in the apparatus used the time from gas release ( i.e. start of transportation of the volatile component off the specimen surface by the carrier gas helium) to recording in the mass spectrometer is in the second range, thus as a rule being negligibly small as compared with all other time effects. So there is a total duration of the reaction process including gas formation on the one hand and gas transportation to the specimen surface on the other hand amounting to c. 2...4 min ( the maximum transport distance being about 1 mm for the used specimen geometry of ca. 4 mm 0 x 2mm). Starting from the assumption that gas formation and phase formation are simultaneous processes, the speed of gas transportation within the specimen is estimated to be about 5...10 @s. In absolute terms, the biggest amount of hydrogen and water is released in Ti25A175 during the formation of TiA13. That is why the correlation of the intensity of the hydrogen and water curves with regard to ascent and drop of both components is well observable there. The width of the DTA effect (representative for the phase formation process in the whole volume) and the width of the gas release process (intensity curves m2 and m18) are nearly the same; at a heating rate of 20 Klmin, phase formation and gas release last for about 7 min, at 5 Wmin both effects close about 15 min. from the start (however, with a time difference of 2 or 4 min., respectively). Things are different for Ti5oAl50. The period of TiA13 phase formation becomes shorter while the gas release lasts for a markedly longer period due to the continuing phase transformation into TiAl.
Technological conclusioas
Investigation of gas reactions during reaction sintering of titanium aluminides have revealed that the formation of gaseous water as a result of TiA13 phase formation is the critical subprocess. Because of the disadvantageous influence on the specimen structure (additional swelling and expansion), ways must be found to reduce water production. Minimizing the content of oxidic impurities is certainly the most effective method, however, its application is limited. Also, the use of titanium powders with low contents of hydrogen would be preferable with regard to water release. Moreover, high heating-up rates should be avoided because they make for the production of relatively large amounts of water within a short time (high portion of transient molten aluminium being the reason for high velocity of phase formation). The increase of particle contact surfaces by deploying smaller particles, by particle deformation (e.g. rolling) and other suitable forms of treatment can improve the situation (larger proportion of slow phase formation in the solid phase zone). The modification of temperature-time-profiles, too, offers good prospects (e.g. change of heating rate, additional isothermal phases) [3] .
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